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Grey matter damage in multiple sclerosis
A pathology perspective
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Over the past decade, immunohistochemical studies have
provided compelling evidence that gray matter (GM)
pathology in multiple sclerosis (MS) is extensive. Until recently,
this GM pathology was difficult to visualize using standard
magnetic resonance imaging (MRI) techniques. However, with
newly developed MRI sequences, it has become clear that GM
damage is present from the earliest stages of the disease and
accrues with disease progression. GM pathology is clinically
relevant, as GM lesions and/or GM atrophy were shown to be
associated with MS motor deficits and cognitive impairment.
Recent autopsy studies demonstrated significant GM
demyelination and microglia activation. However, extensive
immune cell influx, complement activation and blood-brain
barrier leakage, like in WM pathology, are far less prominent in
the GM. Hence, so far, the cause of GM damage in MS remains
unknown, although several plausible underlying pathogenic
mechanisms have been proposed. This paper provides an
overview of GM damage in MS with a focus on its topology and
histopathology.

Introduction

Multiple sclerosis (MS) is a chronic, demyelinating disease of
the central nervous system (CNS) that typically affects young
adults. The disease is expressed in different clinical phenotypes,'
the most common of which is relapsing-remitting MS (RRMS),
which is characterized by periodical relapses and remissions of
neurological impairment. A large proportion of RRMS patients
(30-40%) convert to secondary progressive (SP) MS within
10 years.? SPMS is characterized by a steady progression of neu-
rological decline in the relative absence of relapses. The esti-
mated median conversion time of RRMS onset to SPMS is about
19 years.? Approximately 15-20% of the MS cases are afflicted
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with primary progressive (PP) MS, which shows a steady pro-
gression generally without relapses from the onset of the disease.?
However, still a minority (28%) of PPMS patients suffer from
relapses of neurological impairment even decades after clinical
onset of the disease.

MS has long been considered an auto-immune disease primar-
ily affecting the white matter (WM).> However, it has become
increasingly clear that gray matter (GM) pathology is an impor-
tant aspect of the disease, as well. In 1962, Brownell and Hughes
described GM lesions in a selected set of MS autopsy cases. The
authors used conventional immunohistochemistry [Luxol Fast-
Blue (LFB) or Kliiver-Barrera] and detected a total of 1,595
lesions in 22 MS cases, of which 26% were located in the corti-
cal GM or at the border of the WM and GM. Of these 26%
of GM lesions, 17% were mixed GM/WM lesions and only 5%
were found to be restricted to the cortex.® Later studies, however,
using more sensitive immunohistochemical stainings with anti-
bodies against proteolipid protein (PLP) and myelin basic protein
(MBP), showed that GM demyelination was much more exten-
sive.”® GM lesions were provisionally classified, based on their
location within the cortex, into four different types (Fig. 1). Type
I lesions are mixed GM/WM lesions, which are also visible on
conventional histochemistry; Type II lesions are mostly located
around cortical blood vessels; Type III lesions are subpial lesions
and represent the most common type of cortical GM lesions;
Type 111 lesions reach from the pial surface downwards into the
cortex and may cover multiple gyri.” Finally, Type IV lesions are
large, cortex-spanning lesions covering all six layers of the cortex,
while never reaching into the WM.”#

Topology of GM Pathology in MS

Immunohistochemical analysis did not only reveal extensive
demyelination of the neocortex, but also of archicortical struc-
tures (such as the hippocampus) and of deep GM structures
like the thalamus, putamen, globus pallidus, caudate, claus-
trum, hypothalamus, substantia nigra, amygdala and of the
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Figure 1. Classification of GM lesions as described by Bo et al.® Type | lesions (A) are GM/WM mixed lesions (original magnification, 2.5x). The black
line indicates the border between WM and GM. The GM and WM parts of the lesion are indicated with an arrow and arrowhead, respectively. The red
arrowhead indicates a WM lesion. Type Il lesions (B) are located completely intracortically, while Type Il and IV lesions run from the pial surface toward
deeper cortical layers (D and E) or all the way to the GM/WM border, respectively [(C); original magnification, 5x]. Both (D and E) are sections showing
the same Type lll lesion. The lesion is visible in the MBP staining (D), showing a clearly demyelinated area (arrows indicate lesion borders), while the
same area is invisible in a consecutive slide stained with a more conventional histochemical staining [(E); Luxol Fast-Blue)]. The original magnification

is 5x. (A-D), sections stained using myelin basic protein (MBP) antibodies. (E) Section stained using LFB.

cerebellum and spinal cord.>”?*! Table 1 provides a detailed over-
view of studies reporting on the topology of GM pathology in
MS. Interestingly, in a subpopulation of MS patients the extent
of GM demyelination seems to exceed that of WM demyelin-
ation,>”*12131619 and GM pathology was reported to increase sig-
nificantly during the progression of the disease. Kutzelnigg et al.’
investigated the extent and distribution of focal WM lesions, dif-
fuse WM and GM lesions and their relation with inflammation
in 11 acute MS, 6 RRMS, 15 PPMS and 20 SPMS. SPMS and
PPMS distinguished itself by diffuse abnormalities, with reactive
microglia, in the WM and extensive cortical demyelination. The
cortical demyelination generally did not correlate with the num-
ber of WM lesions in that study. Acute MS and RRMS had less
profound cortical demyelination but a high number of focal WM
lesions. Vercellino et al."” also reported that extent of GM demye-
lination between patients varies. Two out of three SPMS patients
within their study showed significantly more GM lesions than
the three RRMS patients they examined. Of the brain areas that
Vercellino and colleagues investigated, the cingulated gyrus was
especially affected. In addition, the patients with most prominent
GM demyelination showed neuronal loss and signs of apoptosis,
as indicated by caspase-3 staining.

Another brain area with extensive cortical demyelination
is the cerebellum.'® About 38.8% of the cerebellar cortex was
found to be demyelinated in 19 SPMS patients and 36.9% in
10 PPMS patients.’® One of the patients in this study showed
near-total loss of myelin in up to 92% of analyzed cerebel-
lar cortex. Cerebellar demyelination in this study exhibited a
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band-like pattern, involving multiple cerebellar folia, and did
not correlate with WM demyelination within the same samples.
Some axonal spheroids were found in the cerebellar samples,
as well as a reduction of Purkinje cells, both signs of ongoing
neurodegeneration.'®

Although the majority of the cortical lesions are subpially
located (i.e., Type III lesions), lesions in deep GM structures, spi-
nal cord and hippocampus are generally mixed GM/WM lesions,
and may be slightly more inflammatory." 7! Gilmore and col-
leagues” investigated the extent of GM demyelination and the
morphology of the lesions in the cerebellum, motor cortex, cin-
gulated gyrus, thalamus and in different levels of the spinal cord.
GM demyelination was most extensive in the spinal cord and
cerebellum. The authors noted that the majority of GM lesions in
cerebellum and cerebrum were subpial, while in the spinal cord,
a proportionally higher number of lesions was mixed. A much
smaller portion of the spinal lesions expanded within the GM
while strictly respecting the GM/WM boundary. In addition,
almost all spinal cord lesions were chronic, i.e., without overt
signs of inflammation."?

A recent post-mortem study specifically investigated deep GM
demyelination in 14 MS patients.?! Most of the lesions were found
in the thalamus and caudate nucleus, but they were also present
in the putamen, pallidum, claustrum, amygdala, hypothalamus
and substantia nigra. Just like spinal cord lesions, lesions within
deep GM structures are mostly mixed. Especially the WM part
of these lesions may show activated microglia, foamy macro-
phages or perivascular lymphocytes. Moreover, neuronal loss was
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Table 1. Topology of GM pathology in MS

Study

Bo et al.®

Bo et al.’”

Gilmore et al.”?

Gilmore et al.”

Kutzelnigg
etal’

Kutzelnigg
etal'®

Huitinga et al.™

Geurts et al.”

Papadopoulos
etal.”

Studied numbers

and MS type

5 SPMS
1 PPMS

10 SPMS

7 PPMS

3 RRMS,
7 NC

36 MS
12 NC

11 SPMS

2 PPMS

1 RRMS
3NC

11 AMS
6 RRMS
15 PPMS
20 SPMS
15 AD

5 AMS
3 RRMS
19 SPMS
10 PPMS
3 chronic MS
8 NC
34 hypoxia
patients

15 SPMS
2 PPMS
14 NC

9 SPMS
7 PPMS
1 RRMS
1 chronic MS
6 NC

38 SPMS
7 PPMS
7 NC

Method

Immunohistochemistry

Immunohistochemistry

Immunohistochemistry

Immunohistochemistry

Immunohistochemistry

Immunohistochemistry

Immunohistochemistry

Immunohistochemistry

Immunohistochemistry

Affected GM region

Frontal cortex
Parieto-occipital cortex

Cingulate gyrus
Superior frontal gyrus
Paracentral lobule
Superior temporal gyrus

Spinal cord: upper cervical, lower
cervical, upper thoracic and lower
thoracic and lumber levels.

Motor cortex
Cingulate gyrus
Cerebellum
Thalamus
Cervical level spinal cord
Thoracic level spinal cord
Lumbar level spinal cord

Cerebral GM and WM

Cerebellum

hypothalamus

Hippocampus

Hippocampus

Main findings

The presence, distribution and extent of
WM changes were independent of the
extent of GM pathology.

Demyelination more pronounced in cere-
bral cortex (especially cingulate gyrus)
than in WM.

The proportion of GM demyelination was
larger than WM demyelination at each of
the five spinal cord levels.

GM demyelination most extensive in
spinal cord and cerebellum, while WM
demyelination was most prominent in the
spinal cord.

Active, focal, inflammatory lesions in the
WM in patients with acute MS and RRMS,
while diffuse abnormalities (with active
microglia) in the WM and GM lesions were
more typical in SPMS and PPMS.

Extensive cerebellar demyelination in
particularly SPMS and PPMS patients. GM
demyelination in cerebellum was similar

to or even exceeding demyelination in the
cerebral GM.

Significant number of lesions in hypothal-
amus and adjacent structures. Both active
and chronic active lesions were found in
WM. Signs of demyelination in paraven-
tricular nuclei and supraoptic nuclei.

High number of lesions, both mixed intra-
hippocampal-perihippocampal lesions
and isolated intrahippocampal lesions.

Average demyelination, 30.4%. Lesions
were often chronic and subpially or sub-
ependymally located. Gross hippocampal
atrophy, neuronal shrinkage and synaptic,
axonal and neuronal loss.

AMS, acute MS or Marburg type of MS; SPMS, secondary progressive MS; PPMS, primary progressive MS; chronic MS, SPMS or PPMS; ND, MS subtype
not determined; ALS, amyotrophic lateral sclerosis; AD, Alzheimer disease NC, non-neurological control.

68

Prion

Volume 7 Issue 1

. Do not distribute

lI0Science

©2012 Landes B



Table 1. Topology of GM pathology in MS (continued)

Study

Dutta et al.'®

Vercellino et
al 19

Vercellino et
al.?

Peterson et al.”®

Wegner et al.?

Kooi et al.”

Schmierer
etal.”?

Geurts et al.*

Studied numbers

and MS type Method
Immunohistochemistry,
microarray assay and
western blots
3 RRMS
3 SPMS Immunohistochemistry
6 NC
1 AMS
6 RRMS
7 SPMS Immunohistochemistry
6 ALS
6 NC
50 MS Immunohistochemistr
7NC y
22 MS R .
17 NC Immunohistochemistry
7 SPMS
4 PPMS . .
3 ND MS Immunohistochemistry
10 AD
21 MS MRI/|mmu.noh|stochem—
istry
5 SPMS ) .
2 PPMS MRI/lmmuiZtcihlstochem-
2ND Ms y

Affected GM region

Hippocampus
Motor cortex

Cingulate gyrus
Temporal lobe
Insula
Frontal cortex

Thalamus
Caudate
Putamen
Pallidum

Claustrum

Amygdala

Hypothalamus
Substantia nigra
Mammilary bodies
Globus pallidus

Cerebral cortex and white matter

Superior frontal gyrus
Precentral gyrus
Postcentral gyrus

Middle frontal gyrus
Superior temporal gyrus
Middle temporal gyrus

Hippocampus

Cerebral cortex and white matter

Cerebral cortex and white matter

Main findings

Demyelinated hippocampi had minimal
neuronal loss but significant decreases in
synaptic density and neuronal proteins
essential for axonal transport, synaptic
plasticity, glutamate neurotransmission,
glutamate homeostasis and memory/
learning.

Great variation in extent of GM demyelin-
ation between patients and brain regions.
Cingulate gyrus most affected. Neuronal
loss and signs of apoptosis in GM lesions
of patients with prominent GM demyelin-
ation.

GM lesions most often seen in thalamus
and caudate, but were also present in
putamen, pallidum, claustrum, amygdale,
hypothalamus and substantia nigra. Most
lesion were mixed GM/WM lesions and
had sometimes immune cell infiltrates.
Neuronal loss and atrophy seen in GM
lesions and in myelinated gray matter.

Cortical demyelination involving neurite
transection, neuronal death by apoptosis
and reduced inflammation compared with
WM lesions.

Neocortical thinning of 10% in MS inde-
pendent of GM lesions. Type | lesions show
significant glial, neuronal and synaptic
loss.

An unaltered activity and protein expres-
sion of acetylcholinesterase, but a
decrease of activity and protein expres-
sion of acetylcholintransferase in MS.

36 GM lesions detected (16 Type |, 0 Type
II, 18 Type lll, 2 Type IV). Twenty-eight GM
lesions were visible on 9.4 Tesla T2 weight-
ed MRI (15 Type |, 11 Type Ill and 2 Type IV).

A total of 98 GM lesions were found (27
Type |, 12 Type ll, 41 Type lll, 10 Type IV, 8
deep GM) and 70 WM lesions. T2SE MRI
images only depicted 3% of the intracor-
tical lesion, while the 3D FLAIR images
showed 5%.

AMS, acute MS or Marburg type of MS; SPMS, secondary progressive MS; PPMS, primary progressive MS; chronic MS, SPMS or PPMS; ND, MS subtype
not determined; ALS, amyotrophic lateral sclerosis; AD, Alzheimer disease NC, non-neurological control.
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duced from Seewann et al.,> with permission from SAGE Publishers.

Figure 2. Post-mortem MRI and accompanying PLP immunohistochemical staining of a coronal section. T2 weighted MRI scans (B) were compared
with PLP stainings (A) of the same coronal sections. This figure clearly shows the difficulty to detect cortical lesions with conventional MRI sequences.
(A) MRI-visible cortical lesions are shown in red, while MRI-invisible cortical lesions are shown in blue (original magnification, 0.7x); (B1) MRI-visible
lesions are indicated with arrowheads. MRI-visible cortical lesions show only very subtle increase of signal intensity; (B2) MRI-invisible lesions. Repro-

observed in both demyelinated and normally myelinated deep
GM structures.

Another non-neocortical area with prominent GM pathology
is the hippocampus,'!" a structure that is essential to memory
function.?>* A post mortem study found extensive hippocam-
pal demyelination in 15 out of 19 chronic MS patients.! Several
types of intrahippocampal and mixed intrahippocampal-peri-
hippocampal lesions were found and the largest mixed lesions
correlated with cognitive decline (as derived from retrospec-
tive medical chart analysis). Hippocampal lesions were found
to be large and anatomical borders were generally not spared
by these lesions. Moderate microglial activation was frequently
found, but mostly at the edges of the lesions. Isolated intrahip-
pocampal lesions were generally smaller and affected specific
hippocampal subregions, although the Cornu Ammonis (CA)
2 subregion and the hilus of the dentate gyrus were mostly
spared." Another study found hippocampal demyelination in
28 of 45 chronic MS patients examined.”” The majority of the
lesions were chronic, with a few areas of activated microglia. In
addition, this study provided a detailed, quantitative analysis
of the extent of tissue atrophy and neuronal loss. The average
cross-sectional area of the hippocampus was reduced by 22%,
indicating significant hippocampal atrophy. The same study
found a reduction of 30% of neurons in the CA3-2 regions
and 27% in the CALl region. Also, the size of the neurons was
decreased in CAl. Interestingly, Dutta and colleagues' did not
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find neuronal loss in demyelinated hippocampi. Instead, they
reported significant decreases in synaptic density and neuronal
proteins that are essential for axonal transport, synaptic plas-
ticity, glutamate neurotransmission, glutamate homeostasis and
memory/learning.

Detection of GM Pathology with MRI

Detection of cortical GM lesions with conventional T2-weighted
MRI has proven difficult, since the cortex has intrinsically low
myelin densities and demyelination of the cortex generates lit-
tle contrast on MRI. In addition, cortical GM lesions may be
small and partial volume effects with cerebrospinal fluid in the
sulci may interfere with lesion identification. The introduction
of more advanced imaging techniques, like the fluid-attenuated
inversion recovery (FLAIR) MR sequence, have greatly improved
lesion detection in (juxta)cortical areas.”* However, the sensi-
tivity of these techniques to purely intracortical lesions is still
rather poor.” Double inversion recovery (DIR) was shown to
have a higher sensitivity to intracortical lesions than FLAIR and
conventional T2-weighted imaging.® However, post mortem
evaluation uncovered that a staggering 80% of cortical lesions
still remain undetected on DIR.?” Visualization of cortical GM
lesions in vivo may require the combination of several new tech-
niques, such as DIR, phase-sensitive inversion recovery (PSIR)?
and/or 3D Tl-based techniques® in the future. Alternatively,
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higher magnetic field-strengths may be helpful in assessing corti-
cal GM lesions in MS**3" (Fig. 2).

Clinical Relevance of GM Pathology

Both cortical GM lesions and GM atrophy are already prominent
in the early stages of MS, and are predictive of disease progres-
sion.** Early involvement of cortical GM pathology has been
demonstrated in all MS phenotypes, as well as in clinically iso-
lated syndrome (CIS) patients.*® Both GM lesion volume and
the number of GM lesions are known to increase over time in
patients that worsen faster compared with patients that are clini-
cally stable.*” The number of GM lesions in the primary motor
cortex correlates strongly with the severity of motor dysfunc-
tion.** In addition, overall GM lesion loads are associated with
overall cognitive impairment,* while specific cortical and hippo-
campal lesions are strongly associated with impaired visuospatial
memory and processing speed.*** Finally, GM atrophy of spe-
cific brain areas, including thalamus, superior frontal gyrus and
cerebellum correlates with disease progression.?*® Whereas the
detection of cortical lesions is difficult using conventional MRI
sequences,* overall GM atrophy measurements provide robust
and reliable results based on standard MRI sequences.® GM
atrophy rate was reported to increase dramatically in SPMS com-
pared with RRMS patients, while WM atrophy rates remained
similar over time. % Therefore, observed whole-brain atrophy in
chronic MS may be mostly driven by GM atrophy. The pathobio-
logical mechanisms leading to GM atrophy are currently poorly
understood, but the idea that GM atrophy is generated by a com-
bination of neurite transaction, synapse loss and demyelination

seems plausible.?’

What Causes GM Demyelination and GM Atrophy?

Classification and visualization of GM pathology have received
much attention over the last years, but the pathogenesis of GM
pathology is still unclear. MS autopsy studies, which usually deal
with tissue from progressive MS patients, report extensive signs
of inflammation in the WM, including lymphocyte infiltration,
complement deposition and blood-brain barrier disruption.®4
Inflammation was also reported in biopsy material of atypical
MS cases.’® However, large screenings of autopsy material have
revealed that GM demyelination is typically not associated with
inflammation.®" Apart from demyelination, subtle neuroaxonal
degeneration, neurite transection and synapse loss was found in
cortical MS lesions.”® Microglia may play a role in cortical MS
pathology,'® as rims of activated microglia were found surround-
ing Type I1I cortical lesions in patients with a more severe disease
course.” In vivo imaging of microglia activation by ""C-PK11195
labeling revealed extensive regional activation of microglia in
MS cortex.”* Moreover, ""C-PK11195 labeling was increased by
60% in RRMS patient and by almost 100% in SPMS patients
compared with healthy controls. Increased "C-PK11195 bind-
ing correlated with clinical disability in SPMS patients, but
not in RRMS patients. However, so far, it is unclear whether
these microglia have a predominantly (neuro)protective or a
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proinflammatory, neurotoxic effect. Microglia are thought to
contribute to tissue repair neuronal and myelin damage,”** but
can also be responsible for neuronal death and are often involved
in pathogenic processes in neurodegenerative diseases.””’

Thus, the initial stages of MS are characterized by inflam-
mation in the WM and possibly also the GM. In the progres-
sive stage, however, new inflammatory WM lesions appear
less frequently and inflammatory GM lesions have rarely been
reported.**®* Anti-inflammatory therapies currently used for
the treatment of MS are partly effective in the early stage of MS
but are of limited efficacy when patients have already entered the
progressive phase.’® The progressive phase is probably dominated
by cytodegenerative processes (neurons, axons and oligodendro-
cytes), which continue to develop at least partly independently
from demyelination.?® This was emphasized in a detailed quan-
titative post mortem study of normal myelinated cortex and
cortical lesions in 22 chronic MS patients investigated cortical
thinning and neuronal, glial and synapse loss in cortical lesions
and normal myelinated cortex.?’ The mean neuronal (10%), syn-
apse (47%) and glia (36%) density was reduced by 10% in Type I
lesions compared with normally myelinated cortex. Interestingly,
the neurons in the normally myelinated cortex had lost polariza-
tion, perhaps due to loss of dendrites and axons. Furthermore, a
mean cortical thinning of 10% was found independently of cor-
tical lesions, suggesting that there are mechanisms contributing
to cortical atrophy besides cortical demyelination.

Regarding GM pathogenesis, several theories exist. One of
the leading ideas has been that cortical GM demyelination may
be due to meningeal inflammation and associated secretion of
myelinotoxic factors (cytokines, chemokines) by meningeal
immune cell aggregates.”” Several results support this idea: sub-
stantial meningeal inflammation was convincingly shown in MS,
sometimes associated with the formation of ectopic B-cell fol-
licle-like structures, possibly infected by Epstein-Barr virus.”*-¢!
Patients with extensive meningeal inflammation and ectopic
B-cell follicle-like structures were found to have more GM demy-
elination and a gradual loss of neurons in cortical layers I-IV.%
However, it should be noted that patients with ectopic B-cell
follicle-like structures also had a more aggressive disease course,
with an earlier age at clinical onset and death.”” Moreover, Kooi
et al.”® found that a one-on-one spatial correlation between men-
ingeal inflammatory infiltrates and cortical demyelination was
absent in progressive MS cases, which emphasizes the need for
further investigation into the causal relation between meningeal
inflammation and cortical demyelination and/or neurodegenera-
tion in MS (Fig. 3).

WM demyelination and axon transection might also contrib-
ute to GM pathology, e.g., via retrograde myelinoaxonal degra-
dation. Retrograde degradation could lead to demyelination and
degeneration of the axons in the GM, which could subsequently
become evident as a GM lesion.

Demyelination hampers the transduction of electric signals
along axons and the damaged axons redistribute and upregulate
ion channels (Na 1.2 and Na 1.6) to counterbalance impaired
signal propagation.®* However, this requires increased adenosine
triphospate (ATP) levels, which dysfunctioning mitochondria
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Figure 3. Meningeal inflammation in MS. Immunostainings of MS brain sections show intrameningeal ectopic B-cell follicle-like structures in a
cerebral sulcus containing CD20* B cells (A), ramified stromal cells/FCD expressing CD35 (inset A) and expressing CXCLI3 (B), Ki67* proliferating B cells
(€), and plasmablast/plasma cells stained with an anti-lg-G, -A, -M polyclonal antibody (D; the inset shows two intrafollicular plasma cells at high
magnification). CD20* B cells are also present in periventricular WM lesions (E) and in scarcely inflamed meninges entering a cerebral sulcus in a SPMS
(F) and PPMS case (G). The lower schematic picture illustrates the localization of ectopic B-cell follicle like structures in the MS brain. These follicle like
structures are present along (H) and in the depth (I) of the cerebral sulci, whereas scattered B lymphocytes (J) are detected in the meninges cover-
ing the external brain surface. Original magnifications: (E-G), 100x; (A, D and H-J), 200x; (B and C) and insets in (A and D), 400x. Reproduced from

Magliozzi et al.*® with permission from Oxford University Press.

cannot produce.”® Mitochondrial dysfunction is probably
caused by free oxygen radicals produced during inflammation
by immune cells in the WM, but also by the dysfunctioning

606,

mitochondria themselves.®®®” The imbalance between increased

energy demand and decreased energy supply has been termed

“virtual hypoxia.”®%¢

% A state of virtual hypoxia leads to excessive
y
amounts of intracellular calcium (Ca?*) due to reversed Na*/Ca?*

exchangers and activation of apoptotic Ca?* dependent signaling
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pathways, which eventually leads to degeneration of the axon in
the WM.

Glutamate excitotoxicity may also activate Ca** dependent
intracellular signaling pathways. Several studies report altera-
tions in glutamate homeostasis.”*’? MS brains show excessive
expression of ionotropic and metabotropic glutamate receptors
on axons, oligodendrocytes, astrocytes and macrophages/microg-
70-72

lia Overactivation of glutamate receptors in combination

Volume 7 Issue 1

. Do not distribute

lI0Science

©2012 Landes B



with downregulation of glutamate transporters may finally lead
to opening of voltage gated Ca?* channels and cause an elevated
internal release of Ca?*.%

Another pathological process of relevance might be selective
vulnerability of specific cell populations as is observed in other
neurodegenerative diseases, like,e.g., Alzheimer and Parkinson
disease. Recently, an imbalance in the cholinergic neurotrans-
mitter system within the hippocampus has been described.”
Both the expression and activity of the acetylcholine produc-
ing enzyme, choline acetyltransferase (ChAT) and the degrad-
ing enzyme, acetylcholinesterase (AChE) were compared with
Alzheimer disease (AD) patients and non-neurological controls
(NC). Compared with AD and controls, ChAT expression was
decreased in MS, while the AChE levels and activity remained
the same in MS hippocampi. This in turn may cause reductions
of available acetylcholine in the synaptic cleft. Moreover, this
imbalance was independent of demyelination, thus once more
underscoring the relative independence of neurodegeneration
and demyelination.

Conclusion and Future Prospects
The last few years have shown that MS pathology critically

involves the GM. GM pathology is extensive and manifests
throughout all phases of the disease. Demyelination of the GM

has been found in the neocortex, hippocampus, spinal cord
and deep GM structures, and has been reported to increase sig-
nificantly with progression of disease. The majority of cortical
GM lesions are subpial (Type III) lesions, while lesions in the
deep GM structures, spinal cored and hippocampus are gener-
ally mixed GM/WM lesions. Interestingly, some of these mixed
lesions are inflammatory, while most pure GM lesions are not.

Although it was initially difficult to visualize GM pathol-
ogy in vivo, newer imaging techniques have been instrumental
and GM damage was found to be clinically highly relevant. GM
lesions and GM atrophy correlate with clinical disability and cog-
nitive dysfunction. The clinical importance of GM pathology in
MS notwithstanding, the mechanisms underlying GM pathol-
ogy so far remain poorly understood. The next decade of MS
research will deliver crucial new insights in this field and will
hopefully result in a better understanding of what causes GM
pathology in MS.
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